The excessively high temperature in a chip may cause circuit malfunction and performance degradation, and thus should be avoided to improve system reliability. In this paper, a novel oscillation-based onchip thermal sensing architecture for dynamically adjusting supply voltage and clock frequency in System-on-a-Chip (SoC) is proposed. It is shown that the oscillation frequency of a ring oscillator reduces linearly as the temperature rises, and thus provides a good on-chip temperature sensing mechanism. An efficient Dynamic Voltage-to-Frequency Scaling (DF2VS) algorithm is proposed to dynamically adjust supply voltage according to the oscillation frequencies of the ring oscillators distributed in SoC so that thermal sensing can be carried at all potential hot spots. An on-chip Dynamic Voltage Scaling or Dynamic Voltage and Frequency Scaling (DVS or DVFS) monitor selects the supply voltage level and clock frequency according to the outputs of all thermal sensors. Experimental results on SoC benchmark circuits show the effectiveness of the algorithm that a 10% reduction in supply voltage alone can achieve about 20% power reduction (DVS scheme), and nearly 50% reduction in power is achievable if the clock frequency is also scaled down (DVFS scheme). The chip temperature will be significant lower due to the reduced power consumption. key words: DVFS, measurement and simulation of multiple-processor (multicores, MPSoC) systems, real-time distributed systems, reliability, thermal effect control scheme
Introduction
With rapid advance in the VLSI technology, the continuous device scaling leads to tremendous increase in device density and circuit speed. As a result, the high power consumption and power density become important design issues, as high power density raises temperature and may cause overheating [1] . The problem with high working temperature is that it reduces carrier mobility and threshold voltage; thus, it has a significant impact on circuit performance.
In addition to performance degradation, very high temperature also affects circuit reliability. A region with excessive heat is referred to as a hot spot. Hot spots may cause transient and/or permanent faults, which lead to incorrect operations. Various methods to deal with temperatureinduced problems have been proposed, including software solution [2] and thermal-aware design techniques [3] , [4] . Manuscript On the other hand, a mechanism that can dynamically change power consumption so as to avoid overheating is very useful to improve system reliability and yield without elaborated design effort. Traditionally, voltage scaling is the most effective way to combat rise in power, as both static (leakage) power and dynamic power in CMOS circuits will be reduced as the supply voltage is lower,
where C L and f p are load capacitance and operation frequency, respectively.
As it is more difficult to scale down supply voltage in the future, more sophisticated schemes have to be applied to achieve required system performance with low power consumption. In the dynamic voltage and frequency scaling (DVFS) technique [5] , [6] , the supply voltage level of the CPU is dynamically scaled to meet system computation demand with just enough circuit speed. Many modern microprocessors are designed with the DVFS functionality [7] , [8] .
With dynamically scalable voltage levels, it is possible to deal with overheating problem with on-chip thermal sensing mechanism. Whenever the chip temperature is higher than a given threshold, the supply voltage is changed to a lower level to reduce power consumption so that chip temperature will be lower. On the other way, at normal or lower temperature, a high supply voltage can be used to provide higher circuit performance. In this approach, it is easier to handle high chip temperature due to heavy computation in a short time without sacrificing overall system performance. Our approach is to apply the above dynamical voltage adjustment according to chip temperature.
In this paper, we propose a thermal-aware dynamic scaling framework in SoC, in which supply voltage and frequency can be dynamically adjusted to achieve good performance at restricted temperature level. First, we provide a simple oscillator-based thermal sensor that can be used to conduct on-chip temperature measurement.
Many different thermal sensors have been proposed [9] - [11] . In this paper, our goal is to provide a realtime on-chip thermal management mechanism for SoC architecture that can dynamically and adaptively adjust chip temperature. The temperature measurement is achieved with oscillator-based sensors that can be easily embedded Copyright c 2014 The Institute of Electronics, Information and Communication Engineers into cores. It is shown that this sensor provides good linearity [9] in the temperature range of interest, and thus provides good temperature estimation.
The sensors can be embedded into cores that may induce high power density and become hot spots. The sensor outputs are checked by an on-chip Dynamic Voltage Scaling or Dynamic Voltage and Frequency Scaling (DVS or DVFS) monitor to see if it is necessary to change the supply voltage level.
With a reduced supply voltage, both dynamic and static power can be reduced, and the chip temperature will be lower as a result. In the DVFS scheme, clock frequency can also be adjusted, the dynamic power can be further reduced, as Eq. (2) suggests. As a result, the working temperature of a chip can be adjusted on-line, which significantly improves the circuit reliability, performance, and yield.
The feasibility of the proposed method is evaluated through spice simulation of oscillator-based thermal sensors with TSMC 0.13μm and Berkeley Predictive Technology Model (BPTM) technology (ie. 90nm, 65nm, 45nm). Experimental results on SoC benchmark circuits show that a 10% reduction in supply voltage alone can achieve about 20% power reduction (DVS scheme), and nearly 50% reduction in power is achievable if the clock frequency is also scaled down (DVFS scheme). The chip temperature will be significant lower due to the reduced power consumption. Therefore, the proposed thermal sensor and the DVFS scheme together can provide an efficient on-chip temperature control mechanism. This paper organizes as follows. Section 2 describes the proposed thermal management mechanism, and Sect. 3 presents the design of on-chip thermal sensor. Section 4 gives the experimental results, and Sect. 5 concludes this work.
Global Architecture
This section describes the proposed temperature management framework. This mechanism is based on the linear relationship among temperature, frequency and power, as discussed in Sect. 2.1. The proposed SoC architecture is presented in Sect. 2.2.
Temperature-Aware Dynamic Scaling
The basic idea behind the proposed temperature-aware dynamic scaling framework is shown in Fig. 1 . A ring oscillator (RO) is used as a thermal sensor. The propagation delay of a logic gate increases as the ambient temperature becomes higher and thus the oscillation frequency ( f osc ) of the ring oscillator will be lower.
The oscillator output is fed to a counter, which is enabled for a fixed period of time once it is necessary to measure the working temperature. If the counter content is smaller than a predetermined value, which means f osc is lower than a given threshold, the chip is overheating and a reduced level of power consumption is required to cool down the chip. As indicated by Eq. (1) and (2), both leakage and dynamic power will be reduced as the supply voltage becomes lower, which in turn causes chip temperature to be lower.
At lower temperature, the gate delay is shorter, which renders the oscillation frequency f osc higher. Once f osc is high enough, indicated by a number in the counter that is larger than a given value, the supply voltage can be increased to provide a higher system performance. This scenario is illustrated in Fig. 1 (a) for Dynamic Voltage Scaling (DVS), if only V DD is scaled, and Fig. 1 (b) for Dynamic Voltage and Frequency Scaling (DVFS), as both V DD and clock frequency f are scaled. In general, gate delay at a lower V DD is longer and thus the clock frequency has to be reduced as well.
The effectiveness of the thermal management methodology outlined in Fig. 1 depends on whether on-chip temperature measurement can be carried out easily and precisely. The ring oscillator is a good candidate to achieve this goal, as shown in Fig. 2 , where the oscillation frequency decreases almost linearly as the temperature increases from 0 • C to 125 • C.
These data are obtained through SPICE simulation of a 9-inverter ring oscillator with TSMC 0.13μm technology, and the straight lines in Fig. 2 are regression lines. Also shown in the figures are power vs. frequency and power vs. temperature plots. Since the dynamic power is proportion to the frequency (Eq. (2)), it is not surprising that the power consumed by an oscillator grows lineally as the oscillation frequency f osc increases. The relation between power consumption and temperature is also shown in the figure. 
SoC System Architecture for DVS and DVFS
In order to implement the proposed schemes, the Oscillation Ring based Thermal Sensor (ORTS) has to be embedded in all cores that may be overheating, as shown in Fig. 3 . All the sensor results are collected in a centralized on-chip DVS or DVFS monitor, including a global reset control. Whenever a core with high temperature is detected, the supply voltage is scaled down to reduce power consumption and working temperature. The supply voltage and operation clock frequency is restored to higher level only if temperatures in all cores fall back to the normal level.
The sensors have to be activated periodically to make sure that the temperature will not be higher than a given level for an extended period of time. On the other hand, the thermal sensors themselves also induce power consumption and thus should not be activated too often. The exact period of temperature sampling is thus a trade-off between these two factors. The details of the ORTS design will be discussed in the next section.
Thermal Sensor Design
This section discusses how to design the thermal sensor and the on-chip DVS/DVFS monitor.
General Architecture of an Oscillation Ring Triggered
Thermal Sensors (ORTS)
The sensor architecture is shown in Fig. 4 . An odd number of inversions are connected into a feedback structure that can generate an oscillation signal, as shown in Fig. 4 (a) . The period of the oscillation signal is determined by the propagation delay in the loop, and the delay is affected by the ambient temperature. When the sensor is activated, the oscillation signal is used to trigger a counter for a predetermined period of time. Obviously, the content in the counter is affected by the chip temperature. At a higher temperature, the propagation delay will increase, which makes the period of the oscillation signal longer and thus the counter will record a smaller number in a predetermined sampling period. The content of the counter is then decoded to select an appropriate supply voltage. The length of the counter is determined by the time period used to sample the oscillation signal as well as the maximum expected frequency. For example, if the sampling time is 0.1ms and the maximum frequency is 500MHz, a 16-bit counter should be enough.
In general, many different supply voltage levels can be used in a DVS and/or DVFS system. To simplify discussion, the design example shown in Fig. 4 (b) assumes that three supply voltages are used:
A priority decoder is used to select the supply voltage. When the oscillation frequency f osc is too low, a very small value will appear in the counter and thus signal d 9 is asserted, which requests the on-chip DVS and/or DVFS monitor to reduce the supply voltage to V DDL . On the other hand, if f osc is too high, signal d 11 is asserted to indicate that V DDH can be used to provide better system performance for this core. Otherwise, d 10 is asserted to request a standard V DDS . In reality, signal d 10 is not necessary, as we shall see later in this section.
Feasibility of ORTS Thermal Sensor under Process Variation
A ring oscillator [9] , [10] is a feedback loop consisting of odd number of inverters. A ring oscillator with nine inverters is shown in Fig. 4 . The NAND gate is inserted in the ring so that the ring can be disabled by a global reset signal (GReset). Once the reset signal is not asserted (G Reset = 0), the odd number of inversion in the feedback loop will create an oscillation signal. In order to consider process variation effect on the ring architecture, we have conducted Monte Carlo simulation on Figure 5 (a) provides the ranges of oscillation frequency and power, and the Fig. 5 (b) shows that the variation of oscillation frequency f osc is very small even under 3σ = 20% process variation.
On-Chip DVFS Monitor
The overall temperature-aware DVS/DVFS system works under the following assumptions.
1) Three supply voltage levels are used:
2) In a DVFS system, the corresponding clock frequencies are F clkL < F clkS < F clkH .
3) For a ring oscillator, the oscillation frequency ( f osc ) is used to measure the ambient temperature. Two threshold frequencies are used to indicate the temperature level: F oscL and F oscH . Note that f osc decreases as the temperature rises, as shown in Fig. 2 . Thus the condition f osc < F oscL indicates a high temperature and thus requires a lower supply voltage (V DDL ) and clock frequency (F clkL ). On the other hand, the condition f osc > F oscH indicates a low temperature and thus one may apply higher supply voltage (V DDH ) and faster clock ( f clkH ) to boost performance. For F oscL < f osc < F oscH , standard supply voltage (V DDS ) and clock (F clkS ) are used.
The threshold frequencies F oscL and F oscH are used to determine the threshold values in the counter in Fig. 4 . The oscillation signal is used to trigger the counter for a given period of time, and let the counter content be n at the end of the sampling period. Obviously, a higher oscillation frequency creates a larger counted number n. Let the counter contents corresponding to F oscL and F oscH be N L and NH respectively. As a result, n < N L indicates a high temper- ature and n > N H implies a low temperature. Therefore, the temperature detection can be realized by a priority decoder, as shown in Fig. 4 (b) . When n < N L is true, signal d9 is asserted to indicate that a low supply voltage V DDL is requested. On the other hand, if n > N H holds, signal d 11 is asserted to indicate that a high supply voltage V DDH can be used. Otherwise, signal d 10 is asserted. Please note that DVS scheme works in the same way as DVFS does, only without frequency scaling.
In this paper we assume a synchronous design. For simplicity, it is assumed that the supply voltage is the same in all cores. In other words, the supply voltage of the whole chip is reduced whenever one module is overheating.
A typical DVS/DVFS sampling process is illustrated in Fig. 6 . The temperature sampling process is carried out at fixed time interval to ensure that the chip temperature is kept under control. The sampling process starts by deasserting GReset to enable the ring oscillator; the counter also has to be cleared before the sampling process. Once the counter starts counting, it is enabled for a given sampling period T period . Assume that there are M cores in a chip, and let the d 9 , d 10 , and d 11 signals from core i be denoted as d 9,i , d 10,i , and d 11,i , respectively. The supply voltage of the whole chip is adjusted according to the decoder outputs of all modules as follows.
Let the global supply-voltage level control signals be D 9 , D 10 , and D 11 . These three signals can be determined according to the following Boolean equations.
Note that the above equations hold as d 9,i , d 10,i , and d 11,i form an 1-out-of-3 code for each i; in other words, only one of the three bits is a logic 1. Thus, the supply voltage should be lowered to V DDL if at least one core is overheating, as Eq. (3) shows. The supply voltage can be raised to V DDH for better performance if the temperature in each and every core is low, as shown in Eq. (4). Otherwise, the standard supply voltage V DDS is used.
As shown in Fig. 6 , applying DVS/DVFS schemes involved idle time when the chip has to be stopped. The time penalty required to change supply voltage may actually degrade the overall system performance if the voltage changes occur too frequently. The frequency of power supply level changes depends on the distribution of workload, the threshold F oscH , and rate of heating/cooling once the supply voltage is raised/reduced. On the other hand, very high temperature may cause reliability problem and should be avoid; therefore, F oscL should be selected according to the projected temperature profile.
General Design Procedure
The thermal management mechanism described in this section can be easily extended to a system with any number of supply voltage levels. The general design procedure for a system with L different supply voltage levels is outlined as follows.
Let the supply voltage levels be labeled as V DD,1 , V DD,2 , . . . , V DD,L , with V DD,1 < V DD,2 < . . . < V DD,L . In order to determine the appropriate supply voltage level of a core, the oscillation frequency of core i, denoted as f osc,i is divided into L ranges by L−1 threshold frequencies F osc,1 < F osc,2 < . . . < F osc , L − 1. The boundary frequencies F osc,0 and F osc,L are assumed to be 0 and ∞, respectively. When F osc, j−1 < f osc,i < F osc, j is true, the highest supply voltage that can be used in core i is the j-th supply level V DD, j .
As we have seen in this section, the range of f osc,i can be determined by comparing the content of the i-th counter ni with respect to a set of known threshold values N 1 < N 2 < N L−1 , where N j is the counter content when the oscillator frequency f osc is equal to F osc,L . According to the counter content, L signals d 1,i , d 2,i , . . . , d L,i , which form a 1-out-of-L code, are decoded for core i. If d j,i is 1, the acceptable voltage levels to core i will be V DD,1 , V DD,2 , . . . , V DD, j .
The global supply-voltage level control signals are D 1 , D 2 , . . . , D L , where D i indicates supply level V DD,i should be used. The global signals are determined by the following equations. In these equations, the summation and product represent logic OR and AND operations, respectively.
Experimental Results
The effectiveness of the proposed thermal management mechanism is verified by SPICE simulation, and the results are presented in this section.
Feasibility of ORTS Thermal Sensor
The thermal sensor is the most important part of the temperature measurement mechanism. Therefore, it is very important to ensure that the sensor design is useful for various structures and technologies. 
Effects of Ring Lengths
It is shown in Fig. 2 that the oscillation frequency and power consumption change almost linearly as the temperature increases in a 9-iverter ring oscillator. In general, the linear relation holds for all ring oscillators, as shown in Fig. 7 , where rings consisting of 9, 11, 13 and 15 inverters are SPICE simulated with TSMC 0.13μm technology. Figure 7 shows that the linear relationship exists in all rings. Longer rings have larger delays and thus lower frequencies, as shown in the left column of Fig. 7 (a) . However, the percentage of the frequency with respect to the temperature is almost the same in all rings, as shown in the ring column of Fig. 7 (a) . The relationship between power consumption and temperature is illustrated in Fig. 7 (b) .
Effects of Process Variation
The performance of a ring oscillator is subject to the effect of process variation. Thus, it is important to show that the linear relationship among temperature, frequency, and power is not adversely affected by process variation.
In order to show how process variation affects the thermal sensor, we have conducted Monte Carlo simulation on a 9-inverter ring oscillator with TSMC 0.13μ m technology. As in Sect. 3.2, each feature size is assumed to be Gaussian distributed with 3σ = 20% of the nominal value, and 20 simulation runs are executed. The results are shown in Fig. 8 . It is evident that the variation of oscillation frequency f osc and power consumption is very small even under 3σ = 20% process variation.
Effects of Technology Change
The linear relationship between frequency and temperature also holds in various technologies, as shown in Fig. 9 , where the performance of the 9-inverter ring oscillator is plotted for 90, 65, and 45nm technologies using BPTM (Berkeley Predictive Technology Model). The oscillation frequency of the ring oscillator always decreases as the temperature rises no matter which technology is used; as a result, the proposed sensor design is still applicable as processing technology moves forward.
DVS/DVFS Schemes
In order to show that voltage and frequency scaling can effectively reduce power consumption and temperature, we verify the power and temperature distribution in five SoC test cases through simulation, and the results are presented in this section. The test cases are synthetic SoC circuits applied with various workloads among cores. The first two test cases (SoC1, SoC2) are multi-core systems where each core is an EDK3.2 compatible Microblaze core. The next two test cases (SoC3, SoC4) are identical multi-core systems where each core is an 8051 processor. However, different workloads are executed. The last test case is a multi-core system with all digital phase-lock loops (ADPLL). All core designs are available from OpenCores; the number of gates of the five designs are 6716250, 4298400, 1876800, 1876800, and 581250, respectively.
The circuits are designed with TSMC 0.18μm technology with 1.8 V standard supply voltage (VDDS). The power, delay, and temperature are estimated by Synopsys PrimePower, Synopsys PrimeTime, and HotSpot [12] , respectively. Two sets of experiments have been conducted: (1) only supply voltage is scaled (DVS), and (2) both supply voltage and clock frequency are scaled (DVFS).
In the DVS scheme, the clock frequency f clk is fixed, with the period large enough to accommodate the worst-case delay in the highest acceptable temperature. In the DVFS scheme, the clock frequency is also scaled to achieve the best performance, with the highest clock frequency f clkH so that the chip can work properly.
In order to show that supply voltage scaling indeed can reduce chip temperature, the temperature profiles of an SoC circuit with three different supply voltages are shown in Fig. 10 . The temperature distributions on chip surface for the three different supply voltages are illustrated in Fig. 10 (a) , Fig. 10 (b) and Fig. 10 (c) , respectively, while in Fig. 10 (d) they are compared in the same figure.
The effects of DVS and DVFS schemes on temperature and power are illustrated in Fig. 11 and Fig. 12. In both figures , five circuit examples are used for illustration. In the left column of Fig. 11 , the temperature distributions on the chip surface are shown for the three different supply voltages without frequency scaling (DFS), while in the right column it is assumed that the clock frequency is also scaled proportionally (DVFS). Similarly, the power distribution is shown in Fig. 12 . It can be seen that chip temperature and power consumption are both reduced as the supply voltage level becomes lower in the DVS scheme, while the reduction is more significant in the DVFS scheme. Obviously, the DVFS scheme is more effective than DVS scheme. Tables 1, 2 , and 3 present the experimental results of the DVS scheme. Table 1 provides the general information in the five circuits, including average temperature ( • C) and average power in each core. Data shown in the gray area are the normalized comparison. Table 2 gives details about the temperature distribution on chip surface under these three supply voltages. Table 3 shows the simulation results of the power distribution. It can be seen that the power consumed under V DDH and V DDS are about 1.5x and 1.2x of the power consumed under V DDL . In other words, if we raise the supply voltage from V DDS (1.8 V) to V DDH (1.98 V) (i.e., a 10% increase in supply voltage), the power consumption increases about 25%. On the other hand, if the supply voltage is reduced from V DDS to V DDL (1.62 V) (i.e., a 10% decrease in supply voltage), the reduction in power consumption is about 20%. The change in temperature range due the sup- ply voltage level is roughly the same as that of the power consumption, as shown in Table 2 . Tables 4, 5 , and 6 present the results of the DVFS scheme in the same way as shown in the previous three tables. With both supply voltage and clock frequency scaled, we can achieve even higher power and temperature reduction. The average power consumed under V DDH and V DDS are about 3.2x and 1.9x of the power consumed under V DDL , as shown in Table 6 . Therefore, a raise of supply voltage from V DDS to V DDH increases the power consumption by 68% on the average, while reducing supply voltage from V DDS to VDDL reduces power consumption by 48% on the average. The change in temperature distribution is similar to that of the power distribution.
The above data are graphically presented in Fig. 13 and Fig. 14. The temperatures in the experimented circuits are given Fig. 13 , where Fig. 13 (a) shows the average temperature and Fig. 13 (b) gives the peak temperature. In each case, six different voltage and frequency combinations are experimented: DVS with V DDL , V DDS , V DDH , and DVFS with V DDL , V DDS , V DDH . From this figure, it can be seen that circuits targeted with the highest performance may create excessive heat and very high temperature. This problem can be effectively avoided with the proposed on-chip thermal management mechanism. Figure 14 illustrates the results of power consumption in the same way as those shown in Fig. 13 .
Conclusion
This paper presents an on-chip thermal sensing architecture for DVS and DVFS schemes to reduce power and restrict temperature in SoC. The main idea is to achieve temperature management through dynamically adjusted supply voltage level, which effectively balances power consumption and performance of a system chip. It is shown that the counterbased thermal sensor is a cheap yet effective way to carry out on-chip real-time temperature measurement. Experimental results confirm that the proposed DVS/DVFS can reduce the power consumption with a lower supply voltage, and the chip temperature will be lower as a result. Since high working temperature is a major source of circuit malfunction and degradation, the proposed method can improve system reliability by restricting the peak temperature allowed in a chip.
